The past two years have seen remarkable advances in the structural biology of G-protein-coupled receptors (GPCRs). Highlights have included solving the first crystal structures of ligand-activated GPCRs-the human β 2 adrenergic receptor (β 2 AR), the avian β 1 AR and the human A 2A adenosine receptor-as well as the structures of opsin and an active form of rhodopsin. These successes followed decades of effort by many laboratories across the world, and are of great interest from the perspectives of membrane-protein biophysics, cell biology, physiology and drug discovery.
GPCRs are the largest family of membrane proteins and mediate most cellular responses to hormones and neurotransmitters, as well as being responsible for vision, olfaction and taste. At the most basic level, all GPCRs are characterized by the presence of seven membranespanning α-helical segments separated by alternating intracellular and extracellular loop regions. GPCRs in vertebrates are commonly divided into five families on the basis of their sequence and structural similarity 1 : rhodopsin (family A), secretin (family B), glutamate (family C), adhesion and Frizzled/Taste2. The rhodopsin family is by far the largest and most diverse of these families, and members are characterized by conserved sequence motifs that imply shared structural features and activation mechanisms. Despite these similarities, individual GPCRs have unique combinations of signal-transduction activities involving multiple G-protein subtypes, as well as G-protein-independent signalling pathways and complex regulatory processes. Despite intensive academic and industrial research efforts over the past three decades, little is known about the structural basis of GPCR function. The crystal structures obtained in the past two years provide the first opportunity to understand how protein structure dictates the unique functional properties of these complex signalling molecules.
In this Review, we discuss the similarities and differences among the four known three-dimensional structures of GPCRs in their inactive states. The extracellular surfaces of these structures reveal the molecular underpinnings of antagonist and inverse-agonist ligand recognition. Differences in interactions involving highly conserved residues at the cytoplasmic surface help to explain the varying levels of agonist-independent basal G-protein coupling activity, or 'constitutive activity' , among the receptors. We then discuss the recently obtained structures of opsin, which reveal in molecular detail several of the key conformational changes associated with GPCR activation. Finally, we address some of the remaining challenges in the structural biology of GPCRs that must be addressed to fully understand the molecular basis for the physiological function of these proteins.
Multifaceted functionality
Much of vertebrate physiology is based on GPCR signal transduction. As the receptors for hormones, neurotransmitters, ions, photons and other stimuli, GPCRs are among the essential nodes of communication between the internal and external environments of cells. The classical role of GPCRs is to couple the binding of agonists to the activation of specific heterotrimeric G proteins, leading to the modulation of downstream effector proteins. Taking the human β 2 AR as an example, the binding of adrenaline and noradrenaline to cells in the target tissues of sympathetic neurotransmission leads to the activation of the stimulatory subunit of the heterotrimeric G protein (Gαs), the stimulation of adenylyl cyclase, the accumulation of cyclic AMP (cAMP), the activation of cAMP-dependent protein kinase A (PKA) and the phosphorylation of proteins involved in muscle-cell contraction 2 ( Fig. 1 ). However, a wealth of research has shown that many GPCRs have much more complex signalling behaviour. For example, β 2 AR exhibits significant constitutive activity, which can be blocked by inverse agonists 3, 4 . The β 2 AR couples to both Gαs and the inhibitory subunit (Gαi) in cardiac myocytes 5 , and can also signal through MAP kinase pathways in a G-protein-independent manner through arrestin 6, 7 . Similarly, the process of GPCR desensitization involves multiple pathways, including receptor phosphorylation events, arrestin-mediated internalization into endosomes, receptor recycling and lysosomal degradation 8, 9 . These activities are further complicated by factors such as GPCR oligomerization 10 , localization to specific membrane compartments 11 and resulting differences in lipid-bilayer composition. Such multifaceted functional behaviour has been observed for many different GPCRs.
How does this complex functional behavior reconcile with the biochemical and biophysical properties of GPCRs? The effect of a ligand on the structure and biophysical properties of a receptor, and hence on the biological response, is known as the ligand efficacy. Natural and synthetic ligands can be grouped into different efficacy classes (Fig. 1, inset) : full agonists are capable of maximal receptor stimulation; partial agonists are unable to elicit full activity even at saturating concentrations; neutral antagonists have no effect on signalling activity but can prevent other ligands from binding to the receptor; and inverse agonists reduce the level of basal or constitutive activity below that of the unliganded receptor. The wide spectrum of ligand efficacies for individual GPCRs shows that efficient energy transfer between the binding pocket and the site of G-protein interaction is dependent on multiple interactions between receptor and hormone, and requires more than simply occupying the binding site. Further, biophysical studies on purified fluorescently labelled β 2 AR demonstrated that partial and full agonists containing different subsets of functional groups stabilize distinct conformational states by engaging with distinct subsets of conformational switches in the receptor [12] [13] [14] . These findings lead to a complex picture of GPCR activation in which a distinct conformation stabilized by a ligand's structure determines the efficacy towards a specific pathway. Many GPCRs can stimulate multiple signalling systems, and specific ligands can have different relative efficacies to different pathways 15 . In the extreme case, even opposite activities for different signalling pathways are observed: for β 2 AR, agonists for the arrestin/ MAP kinase pathway are also inverse agonists for the classical Gαs/ cAMP/PKA pathway 7, 16 . GPCRs are no longer thought to behave as simple two-state switches. Rather, they are more like molecular rheostats, able to sample a continuum of conformations with relatively closely spaced energies 17 . Specific ligands achieve varying efficacies for different signalling pathways by stabilizing particular sets of conformations that can interact with specific effectors.
The inactive states of four GPCRs
The first insights into the structure of GPCRs came from two-dimensional crystals of rhodopsin 18, 19 . These structures revealed the general architecture of the seven transmembrane helices. However, given the conformational complexity of ligand-activated GPCRs, it is not surprising that it took so long to obtain three-dimensional crystal structures. As detailed in Box 1, a variety of different protein-modification and engineering approaches have contributed to recent advances in GPCR crystallography. We now have inactive-state structures of four GPCRs for comparison: human β 2 AR bound to the high-affinity inverse agonists carazolol [20] [21] [22] and timolol 23 ; avian β 1 AR bound to the antagonist cyanopindolol 24 ; the human A 2A adenosine receptor bound to the antagonist ZM241385 (ref. 25) ; and bovine rhodopsin [26] [27] [28] containing the covalently bound inverse agonist 11-cis retinal. The superpositions of different receptors using the homologous transmembrane domains led to root mean squared deviation (r.m.s.d.) values of less than 3 Å. This degree of overlap indicates that these four proteins have a similar overall architecture, yet the divergences are still high enough to signify important differences in helical packing interactions (Fig. 2) .
Extracellular surfaces and ligand-binding sites
As might be expected from the functional differences between the receptors, the most significant structural divergences lie in the extracellular loops and ligand-binding region (Fig. 2b) . The second extracellular loop (ECL2) of rhodopsin forms a short β-sheet that caps the covalently bound 11-cis retinal, shielding the chromophore from bulk solvent and preventing Schiff base hydrolysis. Further, the glycosylated amino terminus of rhodopsin adopts a structured conformation at the extracellular apex of the protein that further shields the covalently bound ligand 27, 28 . In contrast, the ECL2 regions of β 1 AR and β 2 AR contain a short α-helix that is stabilized by intra-and inter-loop disulphide bonds, and the cytoplasmic N-terminal regions are disordered 21, 22, 24 . oIn the A 2A receptor, the ECL2 region lacks a predominant secondary structure, although the loop has multiple disulphide bonds that constrain the observed conformation and expose the ligand-binding cavity to extracellular bulk solvent 25 . Additional structures will be needed to confirm whether the open binding pocket is a general feature of GPCRs
Box 1 | Challenges in GPCR crystallography
The first major challenge in GPCR crystallography is that most GPCRs are expressed at low levels in native tissues. A suitable recombinant expression system must therefore be developed to generate natively folded membrane protein. So far only Sf9 and Hi5 insect cells and COS-1 mammalian cells 64 have produced enough purified GPCR for structure determination (for bovine rhodopsin, a high level of expression in native rod-cell disc membranes allows purification from a natural source 65 ). The second major challenge is overcoming thermodynamic and proteolytic protein-stability problems (see the table above). GPCRs other than rhodopsin typically have poor thermal stability 66 and are prone to proteolysis as a result of their disordered extramembranous loop regions. In recent successful structural efforts, methods used to enhance the thermal stability of the target GPCRs include stabilizing ligands [20] [21] [22] 25 (β 2 AR, β 2 AR-T4L and A 2A -T4L), a combination of stabilizing mutations 24, 66 (β 1 AR), the addition of lipids during purification and crystallization [20] [21] [22] 25 (β 2 AR, β 2 AR-T4L and A 2A -T4L), and having a high salt concentration 25 (A 2A -T4L). Methods to enhance proteolytic stability include the truncation of disordered regions [20] [21] [22] 25 (β 2 AR, β 2 AR-T4L, β 1 AR and A 2A -T4L), fusion of a stable, well-folded protein domain at the third intracellular loop 21, 25 (β 2 AR-T4L and A 2A -T4L) and complex formation with an antibody Fab fragment 20, 67 (β 2 AR). Structural studies on dark-state bovine rhodopsin did not require such modifications, but purification and crystallization of the protein from a recombinant source did benefit from the engineering of a stabilizing disulphide bond between extracellular loop regions 64 . Further, the crystals of opsin 44, 45 were formed at low pH, which is known to stabilize an active conformation of the retinal-free receptor 47 .
Beyond the purification of large quantities of homogeneous stable membrane protein, several recent successful structural efforts relied on modifications to coax GPCRs into crystals (see the table above). For detergent-solubilized membrane proteins in general, and GPCRs specifically, the absence of significant exposed polar surface area outside the micelle can be a major impediment to crystallization. This was a crucial motivation for both the antibody Fab complex approach 20, 67 and the T4L fusion strategy 21 for the β 2 AR. In both these structures, as well as in the subsequent A 2A -T4L structure, most of the lattice contacts stabilizing the crystals involved the bound antibody or the fused T4L domain. It remains to be seen how general these approaches are to other GPCRs, although the application of the T4L strategy to the A 2A receptor 25 is a promising sign that other similarly engineered receptor structures may follow. Finally, the β 2 AR/Fab complex and both T4L fusion-protein structures relied on lipid-mediated crystallogenesis, the former based on the bicelle methodology 68, 69 and the latter based on lipidic mesophase techniques 70 . Although the examples of rhodopsin and the mutation-stabilized β 1 AR show that these strategies are not absolutely necessary for crystal formation and X-ray structure determination of GPCRs, it is likely that most native receptors will not succumb easily to traditional methods of membrane-protein structural biology. The alternative engineering strategies described above are not without risk, namely that the introduction of modifications will alter or skew certain native features of the receptor. An example is seen in the β 2 AR-T4L structure 21, 22 , where an arginine residue from T4 lysozyme forms a salt bridge with the mechanistically important Glu 268 from the receptor. Therefore, when these alternative strategies are applied to other GPCRs, it is important to rigorously characterize the modified proteins for nativelike pharmacological and biophysical properties. How similar are the ligand-binding pockets of these four receptors? The sites of carazolol, cyanopindolol and 11-cis retinal binding are partly overlapping in superpositions of β 2 AR, β 1 AR and rhodopsin, respectively (Fig. 3a) . However, the overall positions of the ligands within the β 2 AR and β 1 AR structures are slightly more extracellular than 11-cis-retinal in rhodopsin. This difference in the positions of the ligands results in a significant difference in inverse-agonist-antagonist interactions with the residues Trp 286 6.48 (human β 2 AR, with Ballesteros/Weinstein numbering 29 in superscript) and Trp 303 6.48 (avian β 1 AR), which are suggested to undergo key rotamer conformational transitions in GPCR activation, referred to as the 'rotamer toggle switch' 30 . Partial agonism of β 2 AR can be achieved by ligands without engaging the toggle switch, but full agonism appears to require this conformational change 14 . The ionone ring of retinal makes direct contact with the analogous Trp residue in rhodopsin, whereas carazolol in β 2 AR and cyanopindolol in β 1 AR pack against aromatic residues that shield the residue from the binding site. The less direct link between inverseagonist binding and the inactive conformation of the rotamer toggle switch in β 2 AR may help to explain the elevated basal activity of this receptor relative to rhodopsin. For both adrenergic receptors and rhodopsin, ligand binding is mediated by polar and hydrophobic contact residues from transmembrane helices 3, 5, 6 and 7 (TM3, TM5, TM6 and TM7). In contrast to the β 2 AR, β 1 AR and rhodopsin structures, the ligand ZM241385 binds to the A 2A receptor in a mode that is roughly perpendicular to the bilayer plane, and the packing interactions with the protein, mostly with TM6 and TM7, extend all the way from the toggle switch Trp 246 6.48 to the extracellular loops 25 . This comparison shows that, despite the highly conserved seven-transmembrane architecture, GPCRs can support a wide variety of ligand-binding modes that have differing degrees of interaction with regions involved in known conformational switches. The structures of avian β 1 AR bound to cyanopindolol 24 and human β 2 AR bound to carazolol 21, 22 have almost identical binding pockets. This finding is expected owing to the related function of the proteins and the almost complete conservation of binding-site contact residues 31 . This high conservation in the ligand-binding pocket is also observed in other subfamilies of GPCRs (such as dopamine, serotonin and histamine), and probably explains some of the difficulty in obtaining potent subtype-selective compounds in pharmaceutical discovery programs 32 . Nevertheless, subtype-specific binding affinities are observed for β 1 AR and β 2 AR 33, 34 . These differences cannot be based primarily on the amino acids forming the binding pocket, but involve more subtle influences on the arrangement of these amino acids as a result of subtype-specific conformational preferences in more distant residues.
Cytoplasmic surfaces of the GPCR structures
At the cytoplasmic surface, a major structural difference between the ligand-activated GPCRs and rhodopsin lies in the 'ionic lock' between the highly conserved E/DRY motif on TM3 and a glutamate residue on TM6 (Fig. 3b) . Conserved among all family A GPCRs, these amino acids form a network of polar interactions that bridges the two transmembrane helices, stabilizing the inactive-state conformation 35 . For β 2 AR, mutation of these residues increases constitutive activity 36, 37 , and biophysical studies have shown that both full and partial agonists can modulate the structure around the ionic lock 38 . This interaction network has been observed in dark-state rhodopsin crystals 27, 28 , but the analogous polar interactions are broken in all the ligand-activated GPCR structures, β 2 AR, β 1 AR and A 2A . The lack of an intact ionic lock in the crystal structures can be interpreted in two ways: either this interaction does not exist in the captured ligand-bound states, or the interaction is so weak that it is overcome energetically by various crystal packing forces. This observation is compatible with the findings that ligand-activated GPCRs generally have higher basal activity than rhodopsin 39 . Polar contact between adjacent acidic and basic residues on TM3 (E/D 3.49 followed by R 3.50 of the E/DRY motif; Fig. 3b ) is maintained in all four inactive-state structures, and this interaction is also likely to be inhibitory to conformational changes leading to the active state (see below).
One common feature at the cytoplasmic surface of the structures is the chemical environment surrounding residues of the highly conserved NPXXY motif 40 (Fig. 3c) . The cytoplasmic end of TM7, in which this motif is located, participates in key conformational changes associated with GPCR activation (see below). In all the structures, the proline in this motif causes a distortion in the α-helical structure, and the tyrosine faces into a pocket lined by TM2, TM3, TM6 and TM7. First observed in rhodopsin 28, 41 and later seen in the high-resolution structures of β 2 AR and A 2A , networks of ordered water molecules in this region help to reinforce the helical deformation of TM7 and provide hydrogen-bonding partners to polar side chains. Although this 'water pocket' network is presumed to stabilize the inactive state, the relative ease of breaking these weakly favourable solvent-mediated interactions probably allows for rapid toggling to the active state when an agonist binds 28, 41, 42 . A final difference between the structures at the cytoplasmic surface is found in the intracellular loop 2 region (ICL2), which includes a short α-helix in the β 1 AR and A 2A structures that is absent in β 2 AR and rhodopsin. This structure serves as a platform for a hydrogen-bonding interaction of a conserved tyrosine (on ICL2) with the E/DRY motif (on TM3); its absence in β 2 AR could help to explain the higher relative basal activity of this receptor. Despite their differences, the four inactive-state GPCR structures are in close agreement. Figure 3c shows several of the most highly conserved residues in family A GPCRs, mapped onto the superimposed structures of β 2 AR, β 1 AR, A 2A and rhodopsin (including the rotamer toggle switch tryptophan, the NPXXY motif and several prolines that induce structurally important helical deformations). The clustering of these residues in the cytoplasmic half of the transmembrane bundle reflects the basic conservation of mechanism across GPCRs, a remarkable structural affirmation of a hypothesis made more than 20 years ago 43 . Lys 231 5.66 Arg 135 3.50 Glu 134 3.49 Glu 247 6.30 Tyr 306 7 
ctive state of a GPCR in opsin crystals
The fundamental question of the mechanism for ligand-activated GPCRs remains: how does binding of an agonist, and the resulting changes in interactions at the ligand-binding pocket, lead to conformational changes that are propagated from the extracellular portion of the molecule to the cytoplasmic surface involved in G-protein binding. The recent structures of opsin provide clues to the transmembrane helix rearrangements that can be expected as a result of agonist binding 44, 45 . Opsin is the retinal-free photoreceptor protein generated after photoactivation and Schiff base hydrolysis of rhodopsin. After photobleaching, rod photoreceptors exhibit residual activity that is presumed to result from basal activity of the unliganded state of rhodopsin 46 . On the basis of biochemical and infrared spectroscopic characterization, opsin at low pH is thought to be stabilized in an active state that resembles metarhodopsin II 47, 48 .
In the crystal structure of opsin at low pH 44 , there are several subtle changes in the conformations of binding-pocket residues, relative to rhodopsin. Most importantly, the side chain of Trp 265 6.48 (the toggle switch) moves into space previously occupied by the ionone ring of retinal, and there is only weak electron density for the Schiff base-forming Lys 296
7.43 (on TM7). The interaction between Lys 296 7.43 and the Schiff base counterion Glu 113 3.28 (on TM3) is broken, and the pocket becomes slightly wider than in rhodopsin. Recent solid-state nuclear magnetic resonance (NMR) studies provide evidence for conformational changes that disrupt a hydrogen-bond network between ECL2 and the extracellular ends of TM4, TM5 and TM6 in metarhodopsin II before the dissociation of retinal and the formation of opsin 49 . More dramatic structural changes are observed at the cytoplasmic surface of the molecule. The cytoplasmic end of TM6 is shifted more than 6 Å outwards from the centre of the bundle relative to its position in the inactive state, and at the same time moves closer to TM5 (Fig. 4a, b) . This rigid-body movement is consistent with previous biophysical studies of both rhodopsin 50, 51 and β 2 AR
38
. The new position of the cytoplasmic end of TM6 is stabilized by changes in several key interactions (Fig. 4b) (Fig. 4b) . This rearrangement and engagement of the ionic-lock residues in new interactions is distinct from the merely broken state of the ionic lock seen in the ligand-activated GPCRs. Additionally, Tyr 306 7.53 from the NPXXY motif on TM7 undergoes a conformational change and inserts into space occupied by TM6 in dark-state rhodopsin, stabilizing the active conformation. The end result of the changes from inactive rhodopsin to active-state opsin is the creation of a cavity between TM3, TM5 and TM6 in which the G protein transducin can bind (Fig. 4c) .
The structure of opsin bound to a carboxy-terminal peptide of transducin demonstrates that this cleft on the receptor does indeed provide the interaction surface for the most crucial binding epitope of the G protein 45 . Here the rearranged ionic-lock residues prove critical for the formation of the receptor-transducin peptide complex, notably where Arg 135 3.50 of the ERY motif dissociates from Glu 134 3.49 and forms the base of the peptide-binding cavity with stabilizing contacts from Tyr 223 5.58 on TM5. The transducin-derived peptide adopts a C-capped α-helical structure and interacts with the receptor in an amphipathic manner: hydrophobic residues on one face of the transducin helix bind to a hydrophobic surface at the cytoplasmic ends of TM5 and TM6. The orientation of binding is enforced by a hydrogen-bonding network between the transducin C-cap and TM3, TM5 and helix 8 of opsin.
Considering the conserved three-dimensional structure and G-protein signalling mechanism between family A (rhodopsin family) GPCRs, it is reasonable to suppose that the activation of other GPCRs by diffusible ligands will be accompanied by similar changes in transmembrane helix packing to those observed in the opsin structures. In fact, biophysical studies of β 2 AR are in good agreement with such a mechanism 38 . However, the question of how agonist binding far from the cytoplasmic surface leads to the expected packing rearrangements remains unanswered. In the β 2 AR-carazolol and β 1 AR-cyanopindolol complexes, the captured inactive-state conformations cannot allow for simultaneous contacts between known agonist-binding amino acids and both ends of the catecholamine scaffold 21, 24 . The incompatibility between the inactive-state adrenergic-receptor structures and agonist binding is analogous to the fact that the retinal binding pocket in the dark state of rhodopsin cannot accommodate the photon-activated alltrans conformation of the chromophore 27, 28 . Using β 2 AR and β 1 AR as models, we conclude that conformational changes at the ligand-binding site must accompany agonist binding. One hypothesis is that the upper region of TM5, which contains several catechol-binding serines 52, 53 , moves closer to TM3. Simultaneous engagement of the agonist by TM5-catechol hydrogen-bonding and TM3/TM7-amine polar contacts (also essential for agonist binding would facilitate changes in the packing of nearby aromatic amino acids that shield Trp 268 6.48 . In this manner, the binding of an agonist could be coupled to movements of the rotamer toggle switch. The resulting conformational change could then lead to tightly coupled packing rearrangements that propagate towards the cytoplasmic surface. This hypothesis is supported by the central and buried locations of residues in the adrenergic receptors whose mutation confers constitutive activity 21 ('CAM mutants'); disruption of these packing interactions would allow freer transmembrane helix motions in the absence of an agonist. In the case of the A 2A receptor, the rotamer toggle switch is partly exposed at the base of the ligand-binding pocket and barely interacts with the buried furan ring of bound ZM241385 (ref. 25) . The antagonist mainly contacts amino acids on TM5, TM6 and TM7, but the position on the adenine ring of ZM241385 to which the ribose moiety would be attached in the natural agonist adenosine orients the sugar towards TM3. Mutations at this precise region of TM3, analogous to an essential position for agonistbinding in β 2 AR and β 1 AR, have been shown to decrease agonist affinity to the A 2A receptor 55 . Overall, it is less apparent for the A 2A receptor how agonists might change the structure of the binding cavity, as seen in the inactive-state crystal structure. However, we can speculate that agonists with the ribose functional group would promote the engagement of TM3 residues, resulting in small changes in the relative transmembrane helix dispositions that could activate the rotamer toggle switch.
Future directions
What are the applications of these new GPCR structures, and what are the goals for future investigations? First, there is great interest in structural information to help guide GPCR drug discovery. Until recently, pictures of three-dimensional drug-receptor interactions could only be provided through speculative homology models based on rhodopsin 56 . For the GPCRs whose structures have now been solved, these modelling efforts have been shown to be imprecise at the level required by in silico drug designers. With the inactive-state structures of β 2 AR, β 1 AR and the A 2A receptor, pharmaceutical chemists now have experimental data to guide the development of ligands for several active therapeutic targets. However, the value of these high-resolution structures for in silico screening may be limited. Recent molecular docking studies using the β 2 AR crystal structure as a template identified six new β 2 AR ligands that bound with affinities ranging from 9 nM to 4 μM; however, every compound exhibited inverse agonist activity. These results suggest that structures of inactive GPCRs will only be reliable for identifying compounds that stabilize the inactive state 57 . In a broader sense, the success of these efforts proves that obtaining the crystal structures of GPCR-drug complexes, although still extremely challenging, is at least tractable. Nevertheless, the structures available represent only a small proportion of GPCRs, as implied by their relatively close phylogenetic relationships 1 . There are still no crystal structures for most of the main branches of the rhodopsin family, or for other GPCR families with large differences in architecture, such as the GABA or (γ-aminobutyric acid) mGluR receptors in family C. Validated drug targets are present throughout the GPCR phylogeny, making it vitally important to develop crystallization methods that can be applied to receptors distantly related to rhodopsin and the biogenic amines. The high-resolution crystallography of GPCRs will hopefully become as routine a tool for drug development as that of kinases.
Beyond the crystallization of more GPCRs, we must develop methods for acquiring structures of receptors bound to agonists. The opsin crystals, without bound retinal but prepared under low-pH activating conditions, have provided a molecular picture of a state resembling fully active metarhodopsin II. Similarly, agonist-bound receptor crystals may provide three-dimensional representations of the active states of other GPCRs. These structures will help clarify the conformational changes connecting the ligand-binding and G-protein-interaction sites, and lead to more precise mechanistic hypotheses. GPCR-targeted therapeutics include agonists as well as antagonists, so these structures will have a broader impact extending to medicinal chemistry and pharmacology. Given the conformational flexibility inherent to ligand-activated GPCRs and the greater heterogeneity exhibited by agonist-bound receptors 58 , stabilizing such a state will not be easy. The crystal structure of a photoactivated deprotonated intermediate of rhodopsin 59 illustrates that a G-protein-interacting state of a GPCR may not be captured in a given crystal lattice, even with a covalent full agonist occupying the binding pocket. Indeed, the possibility of a deprotonated intermediate of rhodopsin in an inactive conformation was directly demonstrated by kinetic electron paramagnetic resonance (EPR) measurements 60 . Ultimately, the true active state of GPCRs will only be revealed through the co-crystallization of receptors with G proteins, which will also help to reveal how agonist binding is coupled to nucleotide exchange across the protein-protein interface. Such efforts will benefit from the predicted stabilization of a homogeneous agonist-bound receptor conformation in the ternary complex 61 , as well as the addition of a large soluble protein to participate in crystal-lattice formation. However, the complex dependency of this interaction on experimental conditions makes it difficult to trap a stable GPCR-G protein complex.
As important as the recent structures have been for GPCR research, crystallography has major limitations for characterizing and understanding these physiologically important receptors. As discussed above, GPCRs are inherently flexible proteins that are able to exhibit a spectrum of conformations depending on such factors as the presence of a bound ligand, the lipid environment and the presence of interacting proteins. The conformational dynamics of GPCRs are of more than academic interest: the stabilization of receptor states is the key to modulating GPCR function. To study the relationships between conformational states and the rates of interconversion between them, we need solution-based or membrane-compatible biophysical tools that make direct measurements of the relative positions of different receptor residues on a timescale consistent with the molecular motions. So far, fluorescence spectroscopy and EPR techniques have allowed the study of conformational changes for β 2 AR 17 and rhodopsin 62 , respectively; however, the application of other methods, such as NMR spectroscopy, promises to greatly expand our knowledge of GPCR dynamics 49, 63 . Important structural properties of GPCRs, such as oligomerization, are not effectively addressed by crystallographic structures, and biophysical techniques can potentially be harnessed to study these phenomena. Only a marriage of biophysical methods with high-resolution X-ray crystallography will provide a full structural understanding of GPCR function.
